Background Health care providers, hospitals, and pay-for-performance programs are focused on strategies identifying patients at highest risk for re-admission after colorectal surgery. The study objective was to determine characteristics most associated with re-admission after elective colorectal surgery using a conceptual framework approach. Methods This is an observational study of Michigan Surgical Quality Collaborative clinical registry data for 8962 colorectal surgery cases between July-2012 and April-2015. Separate mixed models were fit using known re-admission risk factors aligned in categories that may impact re-admissions by different mechanisms. Overall model discrimination was evaluated using Area Under the Curve estimated on a hold-out data set and examining differences in predicted versus observed readmission across risk quintiles. Results The overall 30-day re-admission rate was 10.5%. From Model 1 to Model 6, discrimination of re-admission was poor until Model 6 (AUC, 0.56, 0.61, 0.65, 0.63, 0.72, 0.81). Differences for observed re-admission rates comparing 'very low' versus 'very high' risk strata from Model 1 to Model 6 were 6%, 11%, 15%, 14%, 20%, and 30% respectively, and all comparisons were significant (p < 0.01). Though there were significant predictors in the first five models, most were no longer significant when additional predictors were included in subsequent models. Complications identified after discharge significantly increased the likelihood of re-admission and were the strongest predictors. Conclusion Statistical models that include complications identified after discharge predict re-admission. Strategies to reduce re-admission after colorectal surgery should emphasize prevention of complications and more effective interventions to manage and ameliorate evolving complications identified after discharge.
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colectomies and instituted financial penalties for hospitals with high re-admission rates, and private payer programs include incentives for reducing re-admissions [4] [5] [6] .
Decreasing re-admission rates after colorectal surgery depends on understanding the predictors and reasons for readmissions, 20-35% of which are modifiable or preventable [7] [8] [9] . Risk factors for re-admission are complex and change from admission to discharge and follow-up, and studies to date do not include all categories of re-admission predictor variables [10] . Current statistical models to evaluate re-admissions after surgery are variable with respect to the number and type of predictors, with some centered on patient demographics and comorbidities and others focused on post-operative complications [11] [12] [13] [14] [15] . There is a need for a comprehensive statistical re-admission predictor model incorporating all known risk factor patient categories.
Conceptual frameworks are analytical approaches that group determinants into hierarchal relationships that provide guidance for multivariate techniques and aid in result interpretation [16] . The goal of the conceptual framework approach in this study is to determine if providers can predict re-admission probabilities given what is known at each level of the surgical experience as well as the specific variables that are most important. Predictors of re-admission may be organized into categories that represent the various patient, surgery, and hospital factors that potentially impact re-admissions. With each succeeding category, providers do not have information about subsequent patient progression and must make decisions based only on what is known to that point. A conceptual framework helps identify the factors that are known at each category throughout the peri-operative process, and multivariate models can be used to determine how well these variables predict readmission. Interventions aimed at reducing re-admissions can then be made more effective through improved understanding of high-risk predictors of re-admissions at each stage.
This study was designed to evaluate six different cumulative statistical models, beginning with pre-operative patient factors, and accruing predictors through the peri-operative period. The aim of this study was to determine the capacity for re-admission prediction through each patient-related category and at what point in the patient experience this conceptual framework may allow reasonable judgements about the likelihood of re-admission, to aid in the design of interventions designed to decrease re-admissions after colorectal surgery.
Methods

Data source and study sample
The Michigan Surgical Quality Collaborative (MSQC) is a statewide multicenter collaborative of 73 hospitals that maintains a clinical registry that is protocol-driven, externally audited, and regularly validated. Registry cases were selected using a stratified random sampling methodology. 
Outcome and explanatory variables
The primary outcome variable was re-admission within 30-days of operation. Explanatory variables were grouped into six categories representing patient factors related to the surgical experience. These included demographics, generalhealth-factors and comorbidities, patient surgery factors, inhospital complications, utilization and discharge, and postdischarge complications.
Statistical approach
Fifty-six predictor variables were grouped into re-admission risk categories: (1) patient demographics, (2) generalhealth-factors/comorbidities, (3) patient surgery factors, (4) in-hospital complications, (5) utilization and discharge, and (6) post-discharge complications. Differences in predictor variables between re-admission groups are presented as observed frequencies and unadjusted percent.
Separate models were fit for each of the six categories of the conceptual framework. For the statistical analysis, we used generalized linear mixed models with all candidate patient covariate predictors modeled as fixed effects. Random effects were surgeon and hospital. A separate model was fit for categories that included all variables from the prior categories. Measures of association were reported as adjusted odds ratios with 95% confidence intervals. Associations were flagged as significant if p values were less than 0.05 (*), 0.01 (**), or 0.001 (***).
With this approach, each of the six models includes all available potentially relevant information known up to that category. The number of predictors for each model represents the cumulative total of predictors contributing to that stage and preceding stages for each patient. The number of modeled predictor variables ranges from a low of 3 for Model 1 (Demographics) to 56 for Model 6 (Post Discharge Complication). No step-wise procedure was used; the models retained all predictors from the prior model regardless of significance.
Overall prediction
Of interest is the out-of-sample predictive accuracy of each variable category. Toward this end, the data were randomly separated into a "training" sample consisting of 75% of data and a "test" sample consisting of the remaining 25%. The model was fit to the training sample and then used to predict re-admissions on the test set. This was done to avoid overstating the predictive accuracy due to predicting the same data points used to find the best model. Discriminatory power was then tested in two ways. First, the area under the curve (AUC) was determined using predictions from the test sample based on the model fit to the training data. Comparisons between successive AUC curves were made using the Delong test. Second, test sample cases were classified into risk quintiles based on the predicted probabilities from the mixed models, and actual re-admission rates for the test set were then compared to their predicted quintiles. A Chi square test was used to determine if the re-admission rates were significantly different between the lowest and highest quintiles.
Results
The overall re-admission rate was 10.5% (10.6% in the training data and 10.4% in the test data). A brief depiction of the 6 Models is shown in Fig. 1 . Full results for each of the six re-admission models that reveal both unadjusted re-admission rates and adjusted odds ratios with 95% confidence intervals are depicted in a Supplemental File because of the large number of variables. Table 1 reveals a detailed summary of the six patient re-admission predictor categories and contributing predictors. Table 2 provides the adjusted odds ratios for variables that were included in at least one model. These adjusted odds ratios come from fitting the models to the training data only. Figures 2 and 3 show the predictive performance of the models from Table 2 on the test set.
The results show that the variables most associated with likelihood of re-admission change as the patient predictor categories progress. In the first model, patients of black race were significantly more likely than white patients to experience re-admission (OR 1.03, 95% CI 1.00-1.05). However, this difference was no longer significant once additional predictors were included in subsequent models. Most notably, as shown in Fig. 2 , the AUC for Model 1 is 0.556, reflecting poor discrimination.
The second model adds in general-health-factors. ASA class III patients are significantly more likely than ASA class I and II patients to experience re-admission. This difference remains statistically significant until the last model where significance is reduced by the inclusion of post-discharge complications. The other significant general health factor variables were disseminated cancer, steroid use, and recent weight loss greater than 10%. Each of these were associated with a greater risk of re-admission. The AUC for the second model was 0.610, a significant improvement over Model 1(p = 0.004).
The third model includes patient surgery factors. While ASA class III remains significant, the other general-healthfactors that were significant in Model 2 become non-significant. A post-operative diagnosis of diverticular disease and fistulas was associated with a statistically significant decrease in re-admission risk. Although no other variables were significant, the addition of the patient surgery factor variables raised the AUC to 0.653, which is a significant improvement over the prior model (p = 0.002).
The fourth model considers in-hospital complications. Both variables that were significant in Model 3 remain significant and of the same magnitude. In-hospital sepsis is also significant, though it is associated with a significant decrease in re-admissions. The remaining variables included The fifth model adds in variables related to health care services utilization at or after discharge. Those discharged to home were less likely to be readmitted, whereas those who had a subsequent ED visit were more likely to be admitted. In addition, two patient surgery factor variables from Model 3 became significant for the first time, with robotic converted cases and those with recent significant weight loss more likely to be readmitted in Model 5. The AUC increases substantially up to 0.722, which is a significant improvement vis-à-vis Model 4 (p < 0.001).
Finally, the sixth model adds in post-discharge complications. These are complications that become clinically apparent and are identified after discharge. Note that a single observation (one patient) can have multiple complications. Nearly all the post-discharge complications are predictors of re-admission, and most with very strong effects. Overall, the sixth model shows that patient health status in the weeks following discharge is a strong predictor of the likelihood of re-admission. The AUC for the model is 0.814, which is again a significant improvement over Model 5 (p < 0.001).
Fifty-five percent of the post-operative complications identified after discharge resulted in re-admission (Supplemental File). The most common complications identified after discharge associated with re-admission were related to infection/sepsis (surgical site infections, anastomotic leaks, sepsis, urinary tract infections). Cardiopulmonary complications were less commonly associated with re-admission. Figure 3 shows the information value of the conceptual framework models for predicting patient risk strata for readmission in the study sample. Though the AUC for Model 1 suggested poor predictor capacity for patient demographics (0.556), Fig. 3 shows that patient demographics discriminated a 1.85-fold (13%/7%) increase in average re-admission rate between the lowest and highest quintiles (Model 1). After including patient health factors, the difference between the lowest and highest quintiles increases to 3.2-fold (16%/5%) (Model 2). Modeled patient surgery factors result in a modest increase in discrimination (Model 3). In-hospital complications in total do not make a substantially meaningful, independent contribution to re-admission risk strata (Model 4). Utilization/Discharge events contribute to the prediction of re-admission risk strata until post-discharge complications are included. The difference between the lowest and highest quintiles increased to a sixfold (24%/4%) difference (Model 5). With post-discharge complications, the difference between the lowest and highest quintiles demonstrates a 16-fold (32%/2%) difference (Model 6).
Discussion
This conceptual framework analysis of 8962 patients in a large protocol-driven regional database undergoing open and minimally invasive colorectal surgery showed that re-admission risk factors in earlier conceptual framework models that include patient demographics, comorbidities, surgery-related factors, and utilization resources do not effectively predict re-admissions. Post-operative complications identified postdischarge are the best predictors of re-admissions, and the conceptual framework approach is not predictive of these complications until they occur. Some predictors significant in earlier patient surgical experience models lost significance in later models because of the introduction of subsequent intervening significant predictors. The conceptual framework approach addresses the following questions. First, what is known in each demographic and peri-operative predictor category? Second, how well Estimates based on models fit to training data only. Baseline category for race is white. Baseline category for ASA is class == 2. Baseline for ICD9 diagnoses is all diagnoses other than diverticulitis, fistulas, colorectal cancer, colorectal adenomas/polyps, other neoplasms, and inflammatory bowel disease that were captured by inclusion criteria CPT codes. Baseline for comorbidities count is 0-1. Baseline category for surgical priority is elective. Baseline category for surgical approach is open *p < 0.05; **p < 0.01; ***p < 0.001 While these variables may be associated with re-admission risk down the road, their combined predictive power is likely less than what is known once variables related to patient surgery factors appear-namely information about surgery type and hospital environment. Following surgery, providers document in-hospital complications that may be associated with readmission following discharge. Finally, resource utilization after surgery as well as complications following discharge become important pieces of information for identifying readmissions [16] . Previous studies were centered on fewer parts of the perioperative care continuum with a shorter list of re-admission variables, including some that did not consider complications after discharge [11, [13] [14] [15] . Patient demographics like socioeconomic and race equity are the focus of a CMS Medicare initiative [17, 18] . The results of our study revealed that black race is associated with increased risk of re-admission but that explanatory power is reduced by the inclusion of subsequent clinically discriminative variables. The same is true for other re-admission predictors in earlier models like disseminated cancer, steroid use, and weight loss > 10 percent. ASA Class was a significant re-admission predictor through all model categories until Model 6. Diverticular disease as a diagnosis was consistently protective of re-admission through all stages. Complications identified during the index hospitalization prior to discharge were not significant re-admission predictors, in contrast to other studies [14] . Discharge to home significantly decreased, and ED Visits significantly increased, risk for re-admission in all models.
Other investigators have also emphasized the relationship between post-operative complications identified after discharge and re-admissions [11, [13] [14] [15] . One found that post-discharge complications had higher odds for re-admission (61-fold) than complications evident prior to discharge (twofold) [13] . Interestingly, sepsis prior to discharge was a predictor protective of re-admission in our study, and this has been confirmed by others [19] . This finding may be related to the extended hospital LOS for patients with these predictors, with some being readmitted beyond the 30-day post-operative period, or mortality precluding the possibility of re-admission. Sepsis prior to discharge was associated with longer hospital LOS in our study − 73.1% of cases had hospital LOS > 10 days compared to 9.1% of cases without sepsis. As expected, sepsis identified after discharge was a re-admission predictor.
Though the conclusion that post-operative complications after discharge drive re-admissions is not novel, our study differs from other re-admission predictor analyses in that we tested a comprehensive list of known re-admission predictors and compared six different models of variable re-admission profiles, instead of relying on a single multivariate logistic regression model. We sought to determine the discriminatory power of the generalized linear mixed Fig. 3 Observed re-admission rates by predicted risk quintiles for six models of surgical journey stages models used on re-admission predictors by first determining the AUC curve using predictors from the test sample, and then by comparing actual re-admission rates for the test set with risk quintiles composed of test sample cases.
This study has limitations inherent to any retrospective database analysis. It relies on accurate data retrieval and coding. Though the MSQC database is comprehensive in the number of predictors and the unique nature of some predictors available for analysis, there may be other data (e.g. ileus, poor pain management) not captured by this database that impacts re-admissions. Re-admission diagnoses depend on the ability of an abstractor to decipher complex hospital coding strategies and because it is not practical to request chart review from 73 Michigan hospitals, more information about re-admission diagnoses was difficult to appreciate in this study. Our data source does not allow determination of which ED visits led to readmissions and what proportion of re-admissions included an ED visit or were direct re-admissions. We were also unable to assess specific ED visits and cultural, psychosocial, and caregiver support factors that may impact readmissions [20] . Some anastomotic leak categories were not significant predictors of re-admissions. Like sepsis, if this complication occurred prior to discharge, the extended hospital LOS may have resulted in re-admission after the 30 post-operative days expired. Some of the post-discharge complications were infrequent and may not be sufficiently powered for statistical significance.
It is possible that re-admissions could be underestimated if patients present to another hospital for their re-admission. MSQC actively surveys re-admissions to other hospitals, though, and this may be considered a strength of this clinical registry. It is possible that hospitals and surgeons differ in their complication and re-admission profiles and so these results may not be generalizable to all hospitals and surgeons. We were unable to collect data on socioeconomic and healthcare insurance status. The strength of this study is that the data source is from a protocol-driven, regularly validated database that includes hospitals and surgeons of varied composition with data entered by trained clinicians.
Our goal was to use the conceptual framework approach in a risk-adjusted regional database to identify re-admission predictors that would allow the development of interventions designed to decrease re-admissions. The effectiveness of these interventions could then be studied at the institutional level. This study suggests that re-admissions are difficult to predict until Model 6, when post-operative complications identified after discharge become significant. Other studies using different statistical methods and fewer predictor categories and variables have not recognized post-operative complications identified after discharge as the primary driver of re-admissions [14] . This study, therefore, suggests that prevention strategies may be different than other findings (e.g., complications identified prior to discharge) may have suggested.
Understanding that the relevant post-operative complications will be identified after discharge, the focus of readmission efforts should be preparing for and intervening sooner in the complication process, and on resource utilization designed to attenuate the severity of modifiable complications before they become re-admissions. We have implemented interventions within our established Enhanced Recovery Pathway prior to discharge in preparation for discharge, as well as within the first week after discharge designed to decrease re-admissions and targeted toward the most common complications identified after discharge that result in re-admissions at our institution. This is the subject of our current institutional study.
We recognize that there may be other re-admission model options. Other investigators are collecting retrospective and prospective data and implementing multiple statistical model strategies with a plan to convene Delphi panel participants in an effort to develop a re-admission risk prediction tool [20] .
Conclusions
The conceptual framework approach confirms that postoperative complications after colorectal surgery that become apparent after discharge are most predictive of re-admissions. This model does not allow prediction of re-admissions until complications after discharge occur and is therefore not optimally predictive prior to discharge. Efforts to decrease surgical complications through standardized Enhanced Recovery Pathways and developing interventions that identify modifiable complications before they become readmissions may be the best re-admission reduction strategy at this time.
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